NO is mainly converted to NO 2 by chemical oxidation in the presence of oxygen. Initial selectivity analysis shows that three electron collision reactions are important for NO x evolution in O 2 /N 2 . The rate constants of these reactions decrease with increasing oxygen concentration. This is because oxygen is electronegative and hence reduces electron concentration. The rate constant of O 2 dissociation by electron collision reaction is almost two orders of magnitude higher than that of N 2 dissociation. NO formation occurs predominantly through N( 2 D) + O 2 → NO + O. The critical oxygen concentration, defined as the concentration above which the NO x formation rate exceeds the NO x decomposition rate, increases with increasing the initial NO concentration.
Introduction
The removal of nitrogen oxides (NO x ) from combustion exhaust streams has become an important international technology issue because of the key role NO x play in many global environmental problems, such as acid rain, photochemical smog formation, and the greenhouse effect. There is considerable political pressure for the adoption of increasingly stringent emission standards. Among the emerging technologies for NO x decomposition, non-thermal plasma is one of the most promising. A pulsed corona discharge reactor (PCDR) is one of the non-thermal plasma technologies characterized by low gas temperature and high electron temperature achieved by producing high energy electrons in the gas while leaving the bulk temperature of the gas unchanged. A PCDR utilizes a high-voltage short-duration (<100 ns) electrical discharge between non-uniform electrodes to produce streamers through the growth of electron avalanches formed by electron collision ionization events in the gas.
1 A streamer is a region of highly ionized gas in which a variety of active radicals and chemical species are formed through electron collision reactions with the background gas. 2 These active species, in turn, initiate bulk phase reactions that lead to NO x conversion. NO conversion in N 2 using non-thermal plasma has been extensively investigated. 2, [4] [5] [6] [7] [8] In such a system, NO is readily converted to benign gas (N 2 and O 2 ) through a reduction mechanism involving N radicals, with formation of only small amounts of byproduct N 2 O (1-2% of initial NO concentration). 9 However, real combustion flue gas, for example, from furnaces under certain conditions, NO x conversion becomes negative in the presence of O 2 (i.e., NO x is produced). Yan et al. 8 found that the rate of oxidation reactions exceeds the rate of reduction reactions, such as N + NO → N 2 + O, when the O 2 concentration is higher than 3.6%. Penetrante et al. 21 found that the reduction of NO with ground state N atoms is almost completely counterbalanced by the production of NO at 10% O 2 concentration. Finally, Aritoshi et al. 20 found that the production of NO x becomes dominant when the concentration of O 2 reaches 2%.
These literature results show that there is a critical oxygen concentration above which the NO x formation rate exceeds the NO x decomposition rate.
However, some issues are still unclear. The first is the mechanism of NO formation during electrical discharge in the presence of O 2 . Gentile and Kushner 22, 23 investigated microstreamer dynamics during plasma remediation of NO using atmospheric pressure dielectric barrier discharges. They reported that NO formation occurs through reaction with ground state N radicals, N( 4 S), by the reaction N( 4 S) + O 2 → NO + O because local energy deposition in the streamers can produce high temperatures that initiate advection and facilitate production of NO.
Kim et al., 24 Lowke and Morrow 25 and Mukkavilli et al. 26 proposed a similar mechanism of NO formation. However, Aritoshi et al. 20 proposed that excited N radicals, N( 2 D), are the primary species responsible for NO formation, through the reaction N( 2 D) + O 2 → NO + O. Herron, 7 Yan et al., 8 Penetrante et al., 21 and Orlandini and Riedel 27 presented similar mechanisms for NO formation. Second, the formation and conversion of byproducts are rarely reported and explained, especially for N 2 O. Third, the relationship between the rate of electron collision reactions and oxygen content and the selectivity of electron collision reactions for the dissociation of N 2 and O 2 are rarely reported. Finally, the critical oxygen content may change
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with the initial NO concentration, but no detailed studies on the critical oxygen content have been reported.
Therefore, the goals of this work are to study the effect of O 2 on NO conversion in a PCDR, through experiments and simulation, to clarify the mechanism of NO x formation and conversion in the presence of O 2 , to understand the relationship between the rate of electron collision reactions and oxygen content, and to study the relationship between the critical oxygen content and initial NO concentration.
Experimental
The experimental setup is shown in Figure 1 . The test gas was prepared by mixing the gas from the two sets of gas cylinders, one set with NO in N 2 (three concentrations were used:
655 ppm NO, 659 ppm NO, or 800 ppm NO in ultra high purity N 2 , US Airgas) and the other set with O 2 in N 2 (four concentrations were used, approximately: 5% O 2 , 10% O 2 , 15% O 2 and 30% O 2 in ultra high purity N 2 , USAirgas). These gases were mixed through a careful flow rate control to obtain the desired concentrations of NO and O 2 in nitrogen fed to PCDR shown in Table 1 . The PCDR feed was prepared and maintained at ambient temperature (~300 K). The pressure in the PCDR was maintained at 217 kPa with control valves on the outlet gas lines. The oxygen concentration at the PCDR outlet was analyzed using a Hewlett Packard 5890 series II Gas Chromatograph (GC) with a thermal conductivity detector (TCD) and an Alltech CTR I column (outer tube with 6 ft × 1/4″ packing of activated molecular sieve and inner tube with 6 ft × 1/8″ packing of porous polymer mixture). The outlet gas was collected in 300 ml stainless steel cylinders (as shown in Figure 1 ) and analyzed for stable nitrogen oxides using a Spectrum 2000 Perkin-Elmer Fourier transform infrared spectrometer (FTIR) with a narrow-band mercury cadmium telluride (MCT) detector.
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The PCDR used in this work consisted of a high-voltage power supply with control unit and pulser/reactor assembly, as explained previously in detail. 28 The high voltage controller contained electronic and gas controls required to regulate the high voltage charging power supply as well as the pulsed power delivered to the reactor gas. The pulser/reactor assembly contained the pulsed power generator and the pulsed corona discharge reaction chambers. The reactor had ten parallel reaction tubes, each 914 mm in length and 23 mm in diameter, with a stainless steel wire, 0.58 mm in diameter, passing axially through the center of each tube. The wire was positively charged and the tube was grounded. The gas flowing through the reactor tube was converted to a plasma by high voltage discharge from the reactor anodes. One tube was fitted with UV-grade quartz windows for diagnostics and plasma observation. The energy delivered to the reactor per pulse can be calculated either from time integral of the product of the measured pulse discharge voltage (V) and current (I) or from (1/2)CV c 2 , where C is the pulse forming capacitance, 800 pF; V c is the constant charge voltage, 19.2 ± 1 kV, in the pulse forming capacitance before discharge. The discrepancy between the calculated values for energy per pulse using these two methods is measured to be less than 3%. Since the current can fluctuate and be shifted in phase relative to voltage, and since the delay times of the voltage sensor and current sensor cannot be measured accurately, the second method should be more reliable.
Therefore, the second method, (1/2)CV c 2 , is used to calculate energy input per pulse in this work.
The power consumed, W (J⋅s -1 ), is calculated as the product of the input energy per pulse and the pulse frequency. The specific energy input, Es (kJ⋅m -3 ), is defined as
where u is gas flowrate (m 3 ⋅s -1 ). The system design permitted variation and measurement of the applied voltage and frequency and of the reactor current and voltage.
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The plasma reactor described above was modeled using a lumped kinetic model that describes the evolution of all species, reported elsewhere.
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Results and Discussion
Experimental observations Figure 2 shows the FTIR spectra for NO conversion in N 2 (Figure 2(a) ) and in 4. 60% O 2 in N 2 (Figure 2(b) ) at a pulse frequency of 200 Hz and applied voltage of ~20 kV. Similar FTIR spectra were obtained during NO conversion with the other oxygen concentrations shown in Table 1 . Only NO, NO 2 and N 2 O were detected in these spectra of the outlet gas from the PCDR. respectively, as functions of specific energy inputs. In the absence of O 2 , the NO concentration decreases quickly to zero with increasing specific energy input (filled squares in Figure 3 (a)).
The NO 2 concentration initially increases to a maximum with increasing specific energy input, and then decreases to zero at the same specific energy input at which the NO concentration reaches zero (filled squares in Figure 3(b) ). The N 2 O concentration also increases to a maximum and then decreases to a constant value with increasing specific energy input (filled squares in 
where C i is the concentration of a given species at the reactor inlet (ppm) and C o is the concentration of a given species at the reactor outlet (ppm). In the absence of O 2 , the overall NO x conversion initially increases linearly with increasing specific energy input until reaching a constant value at 98.5 ± 0.5% because of the difficulty of converting N 2 O (filled squares). 4, 5, 9 This behavior of NO x concentrations in pure N 2 can be explained quantitatively using the reaction mechanism developed previously. 4, 5, 9 However, when oxygen is present, the NO conversion and byproduct formation is more complex. At low O 2 concentrations, for example 2.28% O 2 (open circles in Figure 3 (a)), the NO concentration decreases quickly with increasing specific energy input for low specific energies (<100 kJ/m 3 ), but at high specific energy input (>100 kJ/m 3 ), it decreases slowly with increasing specific energy input. NO is not fully converted at the highest specific energy tested. At high O 2 concentrations (≥4.60% O 2 , open triangles in Figure 3 (a)), the NO concentration initially decreases with increasing specific energy input until it reaches a minimum, after which it increases slowly with increasing specific energy input. Figure 3 (b) shows that the NO 2 concentration forms a shallow maximum at the two lower oxygen concentrations, while it increases continually with increasing specific energy at the two higher oxygen concentrations. Therefore, reactions with ions are not considered in this analysis.
As reported recently, 4 the possible chemically active species formed from electron collision reactions with nitrogen include N 2 (
, N( 4 S), and N( 2 D). An initial selectivity analysis of systematic experiments performed in absence of O 2 showed that the active species which play an important role in NO x conversion are N 2 (A 3 ∑ u + ) and N( 4 S). 4 Other active species are mainly quenched to the ground state by the nitrogen background gas. However, at percent-level O 2 concentrations, the situation may be different because these active species contribute to O 2 dissociation or NO x formation by the following reactions (at 300 K):
Therefore, the chemically active species produced by electron collision reactions with nitrogen may be consumed by four parallel processes:
(1) Natural radiation accompanying optical emission:
(2) Quenching with the background gas N 2 :
(3) Dissociative quenching or reaction with background gas O 2 :
(4) Reaction with NO x (conversion of NO x ):
In these chemical equations, A* represents any active species; k I , k q , k d and k r are the rate constants of radiation, quenching, dissociative quenching of O 2 , and NO x conversion, respectively; and R i is the reaction rate of reaction type i. The initial selectivity of these four parallel processes can be defined as % 100
where S I , S q , S d and S r are the initial selectivities to radiative emission reactions, quenching reactions, O 2 dissociation, and NO x conversion reactions, respectively.
The analysis of initial selectivity is an effective method to examine the significance of the active species. Only the active species which contribute predominantly to NO x formation and conversion need to be considered. In this work, the highest NO x concentration in the presence of O 2 is less than 600 ppm, while the lowest O 2 concentration is 2.28% (mol/mol) in the N 2 balance gas. At 217 kPa and 300K, these concentrations of NO x , O 2 and N 2 are 5.21 × 10 -8 mol/cm 3 ,
1.98 × 10 -6 mol/cm 3 , and 8.49 × 10 -5 mol/cm 3 , respectively. Substituting these concentrations and the rate constants for consumption of active species (A*) by radiation, quenching, dissociative quenching of O 2 , and NO x conversion (summarized in our previous work 4 ) in equations 3a through 3d, yields the initial selectivities for the four parallel processes presented in Table 2 .
These results indicate that all of the electronic excited states of molecular nitrogen contribute predominantly to O 2 dissociation or quenching. Moreover, with increasing O 2 concentration, the contribution of these active species to O 2 dissociation further increases. Similar to electron collisions with nitrogen, many active species may be produced when electrons collide with molecular oxygen. Again, the active oxygen species that actually contribute to NO x formation and conversion must be determined. 
The data in Table 3 show that O 2 (a 1 ∆ g ), evolution among all of the active species produced from electron collision reactions with molecular oxygen.
Mechanism and kinetics
The previous discussion on electron collision reactions with oxygen indicates that, although many electron collision reactions with O 2 occur in the PCDR, only the O 2 dissociation reaction must be considered because only O atoms contribute to NO x formation. Therefore, only the following electron collision reaction is considered for molecular O 2 :
As the earlier discussion on electron collision reactions with nitrogen has shown, almost all active species can contribute to NO x evolution, either directly through formation of NO x by N( 2 D) or indirectly through O 2 dissociation reactions with these excited N 2 species. Therefore, all electron collision reactions resulting in active species formation are considered:
The rate constant of electron collision reactions is a function of electron energy distribution and the cross sections of electronic excitation and molecular dissociation. 26 However, the electron energy distribution in the plasma is complicated and not measurable because the electric field is strongly non-uniform, due to strong space-charge field effects, and is time dependent. 21 Further,
there are large discrepancies in the reported values of the cross sections of electronic excitation and molecular dissociation. 27 Therefore, a calculation for all of these rate constants of electron collision reactions with N 2 is not feasible.
In our kinetic model, 5 there are two parameters that describe the rate constant of each electron collision reaction, α and β, as shown in the following equation:
where P is the system pressure and W is the power input. This expression, based on a Maxwellian distribution function for the electron velocity, semi-empirically describes the rate of electron collision reactions through a pseudo-first order rate constant by combining the true rate constant with the electron concentration. 28 This implies that 20 model parameters would be needed to describe the ten electron collision reactions with N 2 (R38-R47), too many to produce meaningful results. However, the net effect of electron collision reactions R40-R47 is the dissociation of oxygen because all electronic excited states of molecular nitrogen predominantly contribute to O 2 dissociation or are selectively quenched, as shown in Table 2 Table 4 . Therefore, there are ten equations for each of the eight power inputs, which leads to a total of 80 equations used to determine the six parameters (α i and β i , i = 1-3) for a experimental system of 2.28% O 2 + 355 ppm NO in N 2 using the previously reported optimization method. 5 Figure 4 shows measured and correlated NO, NO 2 , and N 2 O concentrations for the experiments listed in Table 1 .
The correlated curves in Figure 4 represent the experimental data, which confirms that the reaction mechanism in Table 4 is a reasonable hypothesis of NO x evolution in N 2 /O 2 plasma.
The concentrations of N 2 and O 2 at the outlet of the reactor used in the model calculations were obtained from nitrogen and oxygen material balances.
No O, N, O 3 , NO 3 , or N 2 O 5 were detected at the outlet of the reactor. The absence of the atomic radicals is consistent with their reactivity, but the absence of the other three molecules was investigated using the model. The lack of ozone in the reactor effluent (Figure 2 ) can be explained by reaction R65. During all experimental conditions in the presence of oxygen, the NO concentration is greater than 50 ppm (Figure 3(a) ). Assuming that the NO concentration is 50 ppm (4.34 × 10 -9 mol/cm 3 ), O 3 conversion, calculated from the rate constant for R65, is shown in Figure 5 as a function of gas residence time. O 3 can be completely converted in 0. where R n is the rate of reaction n, R is the gas constant, and T is gas temperature. These equations indicate that the rate of the electron-oxygen collision reaction increases with increasing oxygen concentration, while the rate of electron-nitrogen collision reactions decreases with increasing oxygen content. Figure 8 
Critical O 2 concentration for NO x formation and conversion
The reaction mechanism of NO x conversion in the presence of oxygen, shown in Table Figure 9 show that the NO x conversion for all specific energy inputs converges to zero at almost the same oxygen concentration (~2.5%), which is consistent with the previous experimental observation (Figure 3(d) ). At lower oxygen concentrations, NO x conversion is positive, which means that NO is being converted to N 2 and O 2 faster than it is being produced. At higher oxygen concentrations, NO x conversion is negative, which means that NO is formed through reaction R6 faster than it is decomposed. The oxygen concentration at which NO x conversion is zero is defined as the critical oxygen concentration. Figure 9 shows that, in general, at a given specific energy input, NO x conversion initially decreases with increasing oxygen concentration and reaches a minimum negative value (i.e., when the NO x formation rate is maximum). This minimum in NO Int. J. Chem. Kinet. 1980; 12:501-508. 53 Cosby PC. Electron-impact dissociation of oxygen. J. Chem. Phys. 1993; 98:9560-9569. 54 Barnett AJ, Marston G, Wayne RP. Kinetics and chemiluminescence in the reaction of nitrogen atoms with oxygen and ozone. J. Chem. Soc., Faraday Trans. 1987; 83:1453-63 . 
